Plant glutathione peroxidases (GPXs) are non-heme thiol peroxidases that play vital roles in maintaining H 2 O 2 homeostasis and regulating plant response to abiotic stress. Here, we performed a comparative genomic analysis of the GPX gene family in cucumber (Cucumis sativus). As a result, a total of 6 CsGPX genes were identified, which were unevenly located in four out of the seven chromosomes in cucumber genome. Based on the phylogenetic analysis, the GPX genes of cucumber, Arabidopsis and rice could be classified into five groups. Analysis of the distribution of conserved domains of GPX proteins showed that all these proteins contain three highly conserved motifs, as well as other conserved sequences and residues. Gene structure analysis revealed a conserved exon-intron organization pattern of these genes. Through analyzing the promoter regions of CsGPX genes, many hormone-, stress-, and development-responsive cis-elements were identified. Moreover, we also investigated their expression patterns in different tissues and developmental stages as well as in response to abiotic stress and x acid (ABA) treatments. The qRT-PCR results showed that the transcripts of CsGPX genes varied largely under abiotic stress and ABA treatments at different time points. These results demonstrate that cucumber GPX gene family may function in tissue development and plant stress responses.
Introduction
Plants are often subjected to environmental stresses such as drought, salt, extreme temperature and heavy metals. These stresses can lead to the generation of reactive oxygen species (ROS), which damage cellular components and macromolecules such as DNA, proteins and lipids, and ultimately cause the death of cells (Choudhury et al. 2017; You and Chan 2015; Zhou et al. 2017b) . To cope with these stresses, plants have developed enzymatic and non-enzymatic antioxidant defense systems to protect cells from uncontrolled oxidation status. Glutathione peroxidase (GPX, EC 1.11.1.9), an important antioxidant enzyme, can catalyze the conversion of hydrogen peroxide (H 2 O 2 ) or other organic hydroperoxides into water or the corresponding alcohols using reduced glutathione (GSH), thioredoxin (Trx) or other reducing equivalents as electron donors (Bela et al. 2015; Passaia and Margispinheiro 2015; Ursini et al. 1995) .
GPXs were first discovered in mammals and their high antioxidant activity depends on the presence of selenocysteine (SeCys) at the active site. According to the protein structure, substrate specificity and subcellular localization, Yong Zhou and Lifang Hu contributed equally to this work.
Electronic supplementary material
The online version of this article (https ://doi.org/10.1007/s1320 5-018-1185-3) contains supplementary material, which is available to authorized users.
3
159 Page 2 of 11 mammal GPXs can be divided into five distinct groups: cytosolic GPX, gastro-intestinal GPX, plasma GPX, phospholipid hydroperoxide GPX (PHGPX), and seleno-independent epididymis GPX (Herbette et al. 2007; Ursini et al. 1995) . However, GPXs from vascular plants identified so far have a preference to Trx than to GSH as a reductant, which enables them to reduce peroxides much more efficiently (Herbette et al. 2005; Iqbal et al. 2006; Navrot et al. 2006) .
Numerous GPXs characterized in various plant species have shown their effects in protecting cells from oxidative damage through maintaining the H 2 O 2 homeostasis by acting as efficient ROS scavengers (Miao et al. 2006; Passaia and Margispinheiro 2015) . Additionally, a number of previous studies have highlighted that GPXs play critical roles in regulating plant response to abiotic stresses such as metal, cold, drought, salt, and oxidative stress (Islam et al. 2015; Kim et al. 2014; Navrot et al. 2006; Passaia et al. 2013) . For example, NnGPX transcript was remarkably increased in response to cold, heat, mechanical damage and salt treatment, and overexpression of NnGPX in rice significantly improved tolerance to salt stress (Diao et al. 2014) . Arabidopsis plants expressing two wheat GPX genes showed higher salt and H 2 O 2 tolerance (Zhai et al. 2013) . LjGpx1 and LjGpx3 perform major antioxidative functions in nodules and play a protective role against salt stress, oxidative stress, and membrane damage (Matamoros et al. 2015) . In rice, five GPX genes were identified, which were upregulated in response to exogenous H 2 O 2 and cold stress, while downregulated in response to drought and UV-B light treatments (Passaia et al. 2013) . Among them, OsGPX5 can act as a Trx-dependent glutathione peroxidase and participates in the interaction between ER stress and redox homeostasis, which is required for the normal development of rice under stress conditions (Wang et al. 2017 ). Knockdown of OsGPX1 or OsGPX3 could severely affect the normal growth and development of rice (Passaia et al. 2013 (Passaia et al. , 2014 . A recent study showed that the silencing of mitochondrial GPX1 in rice triggered the impair of photosynthesis in response to salinity (Lima-Melo et al. 2016) . These findings suggest that GPXs in different plant species play specific roles in regulating plant growth and development as well as responses to various abiotic stresses.
A previous study examined the GPX homologs from 18 plant species, and identified 6 GPX genes in C. sativus (Ozyigit et al. 2016) . To better understand the GPX genes in cucumber, we characterized all the 6 GPX members in cucumber, including their genome distributions, phylogenetic relationships, protein motifs, gene structures and promoter sequences, as well as their expression profiles in different tissues and in response to various abiotic stresses. Our results are expected to establish a solid foundation for further investigating the functional roles of GPX genes in cucumber.
Materials and methods

Identification of CsGPXs and protein properties
To predict the members of the GPX proteins in cucumber, we first collected the full-length GPX protein sequences in different plant species, such as Arabidopsis thaliana (8 members) (Rodriguez Milla et al. 2003) , Lotus japonicus (6 members) (Ramos et al. 2009 ), rice (5 members) (Islam et al. 2015) , and Gossypium hirsutum (13 members) ). Subsequently, a BLASTp analysis was performed against the Cucumber Genome Database (http://cucum ber. genom ics.org.cn/) using these protein sequences as queries. Additionally, the GPX domain (PF00255) downloaded from Pfam (http://pfam.sange r.ac.uk/) was used to search the cucumber database by HMMER software. The candidate GPX protein sequences were aligned to each other to ensure that no member was repeated for multiple times. The remaining GPX proteins were checked using the Pfam (http://www. sange r.ac.uk/softw are/pfam/) and Simple Modular Architecture Research Tool (SMART) (http://smart .embl-heide lberg .de/), for confirming the presence of the GPX domain (PF00255). The theoretical isoelectric point (pI), molecular weight (MW) and the grand average of hydropathy index (GRAVY) of each deduced CsGPX protein were determined by the ProtParam tool (http://web.expas y.org/protp aram/). Prediction of subcellular localization of each deduced CsGPX protein was performed with WoLF PSORT (https :// www.gensc ript.com/wolf-psort .html/) (Horton et al. 2007 ).
Chromosomal location, sequence alignment and phylogenetic analysis
The MapInspect tool was used to determine the chromosomal locations of the CsGPX genes to identify their detailed chromosomal position provided in the Cucumber Genome Database (Zhou et al. 2017b) . Duplication analysis was conducted as previously described (Ozyigit et al. 2016) . Multiple sequence alignments of GPX proteins were performed with ClustalW software (Larkin et al. 2007) , and the phylogenetic tree was constructed using the neighbor-joining algorithm in MEGA (version 5.0) with 1000 bootstrap replicates (Tamura et al. 2007 ).
Conserved motif and gene structure predictions
The GPX protein sequences from cucumber, Arabidopsis, and rice were analyzed by the online MEME tool (http:// meme-suite .org/tools /meme) with default parameters (Bailey et al. 2009 ). The open-reading frame (ORF) sequences and corresponding genomic DNA (gDNA) sequences of GPX members in cucumber, Arabidopsis and rice were downloaded from the Cucumber Genome Database, TAIR (http://www.arabi dopsi s.org/), and TIGR (http://rice.plant biolo gy.msu.edu/), respectively, and then the gene structures were analyzed by comparing the ORF and gDNA sequences using Gene Structure Display Server (http://gsds.cbi.pku. edu.cn/index .php) (Hu et al. 2015) .
Promoter region analysis of CsGPX genes
To analyze the cis-elements in the promoter regions of CsGPX genes, the transcription start site in the 1.0 kb upstream region from translation start code ATG of each gene was obtained from the Cucumber Genome Database. The putative promoter regions of each CsGPX gene were investigated using the PlantCARE database (http://bioin forma tics.psb.ugent .be/webto ols/plant care/html/) (Lescot et al. 2002) .
Transcriptome analysis of CsGPX genes in different tissues
For transcriptome analysis, the Illimuna HiSeq readings were retrieved from a public repository database (SRA, Sequence Read Archive) with following accession numbers: SRR351476 (ovary, unexpanded), SRR351489 (expanded ovary, fertilized), SRR351495 (expanded ovary, unfertilized), SRR351499 (root), SRR351905 (stem), SRR351906 (leaf), SRR351908 (male flower), SRR351910 (tendril), SRR351911 (tendril basal tissue), SRR351912 (female flower) (Baloglu et al. 2014 ). All readings were obtained and analyzed as previously described (Altunoglu et al. 2016) , and the heat map and hierarchical clustering were computed with the pheatmap package in R.
Plant materials and treatments
Cucumber (Cucumis sativus L. cv. Chinese long No. 9930) was used as the subject in this research. Two-week-old cucumber seedlings planted in artificial chambers (16 h photoperiod, 400 µmol m −2 s −1 light intensity, and 60-70% relative humidity) were subjected to different abiotic stresses including cold, salt, and PEG, as well as abscisic acid (ABA) treatments following the descriptions in our previous studies (Zhou et al. 2017a, c) . The leaf tissues were harvested from seedling samples at 0, 3, 6, and 12 h, frozen immediately in liquid nitrogen, and stored at − 80 °C until RNA extraction.
RNA extraction and quantitative RT-PCR (qRT-PCR)
Total RNA was extracted using Trizol reagent (Tiangen, China) according to the manufacturer's instruction. Genomic DNA contamination was eliminated with DNase I (Invitrogen, USA), and the first-strand cDNA was synthesized using the Superscript III Reverse Transcriptase kit (Invitrogen, USA) following the manufacturers' instructions. The qRT-PCR was performed in triplicate with SYBR Green Master Mix (Tiangen, China) as described previously (Zhou et al. 2017a ). The reaction conditions were set as follows: 95 °C for 30 s, followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. An endogenous actin gene (CsAct3, GenBank accession number: DQ115883) was used as the reference gene for the normalization of gene expression analysis (Wan et al. 2010) . The quantitative PCR data were analyzed using the 2 −ΔΔCT method (Livak and Schmittgen 2001) . The primers used for qRT-PCR are listed in Table S1 .
Results
Genome-wide identification and chromosomal distribution of CsGPXs in cucumber
A total of six putative GPX genes were identified in cucumber genome, and were designated as CsGPX1-CsGPX6 according to the order of their location on the chromosomes (Table 1) . Table 1 shows the details of gene names, locus names, chromosomal locations, gDNA and open-reading frame (ORF) length, protein length, theoretical molecular weight (MW), isoelectric point (pI), and GRAVY. The predicted gDNA and ORF length varied substantially among members, with that of gDNA ranging from 1721 to 2732 bp, and that of ORF from 504 to 726 bp.
To investigate the chromosomal distribution of CsGPXs, these genes were mapped onto cucumber chromosomes. As shown in Fig. 1 , CsGPX1-CsGPX6 were randomly distributed in four out of the total seven chromosomes of cucumber. Each of chromosome 4 and 5 contained two members of CsGPX genes, followed by chromosome 6 and 7 with one member in each. In addition, one segmental duplication event (CsGPX5 and CsGPX6) and one pair of tandem duplicated genes were identified (CsGPX3 and CsGPX4) (Fig. 1 ).
Characterization and comparison of deduced GPX proteins in cucumber
Physicochemical analysis of the predicted CsGPX proteins showed that the lengths, MWs, and pIs of the CsGPX proteins were 167-241 amino acids, 18.39-26.48 kDa, and 5.37-9.50, respectively (Table 1 ). In addition, the GRAVY of the CsGPX proteins was lower than 0, suggesting that they were hydrophilic. Prediction of protein subcellular localization suggested that the majority of CsGPX proteins were located in chloroplast and cytoplasm, while CsGPX1 and CsGPX2 might be located in other subcellular compartments, such as nucleus and mitochondria.
All the putative full-length GPX proteins were aligned using ClustalW to determine the residue conservation patterns within the family from cucumber, Arabidopsis and rice. As shown in Fig. 2 , three highly conserved motifs, GKVL-LIVNVASXCG (GPX signature 1), ILAFPCNQ (GPX signature 2) and WNFXKF, were present in the members of GPX family, which is consistent with the case of most plant and mammalian GPX sequences Gao et al. 2014; Ramos et al. 2009; Zhai et al. 2013) . Other evolutionary conserved sequences were also present, such as
Several highly conserved residues were found in all aligned sequences, including Cys (C), Gln (Q), Trp (W) and Asn (N), suggesting their potential functions in enzyme activity (Fig. 2) . 
Comparison of phylogenesis, conserved motifs and gene structures of GPX gene family between cucumber, Arabidopsis and rice
To investigate the evolutionary history GPX gene family, an unrooted neighbor-joining phylogenetic tree was constructed by a multiple sequence alignment of the predicted GPX protein sequences from cucumber, Arabidopsis, and rice (Fig. 3a) . These GPX proteins could be divided into five groups: group I, II, III, IV and V. Each of group I-III contained four members, and group IV harbored the least GPXs (2), while group V included the most members (5). AtGPXs and CsGPXs were present in all the five groups, while group IV did not include rice GPX members. According to the phylogenetic tree, several GPX members had paralogs among themselves, such as AtGPX1 and AtGPX7, OsGPX1 and OsGPX3, CsGPX5 and CsGPX6, AtGPX4 and AtGPX5. In addition, there was one pair of closely related orthologous GPXs between cucumber and Arabidopsis (AtGPX1 and CsGPX3), suggesting that they may have similar functions. CsGPXs showed a closer relationship with GPXs in Arabidopsis than with those in rice, implying that the main Fig. 2 Multiple sequence alignment of GPX protein sequences from cucumber, Arabidopsis and rice. The three conserved domains found in most animal and plant GPXs are boxed by red, blue, and green, respectively. Arrows indicate the conserved three Cys residues of plant GPX proteins, and the red arrow represent the Cys residue replaced by Sec in mammalian phospholipid hydroperoxide GPXs. The amino acid residues (Cys, Gln, Trp and Asn) that form part of the proposed catalytic site of the GPXs are highlighted in purple. Other evolutionary conserved sequences were underlined Fig. 3 Phylogenetic relationships, conserved motifs and gene structures of GPX gene family from cucumber, rice and Arabidopsis. a The phylogenetic tree of cucumber, rice and Arabidopsis GPX proteins was constructed from alignment of full-length of amino acid sequences using MEGA 5.0 by the neighbor-joining method with 1000 bootstrap replicates. The groups (I, II, III, IV and V) were marked by colorful backgrounds according to the phylogenetic relationship. b Conserved motifs were identified by MEME with the complete amino acid sequences of GPX proteins from cucumber, rice and Arabidopsis. Lengths of motifs of each GPX protein were displayed proportionally. c Exon-intron structure analysis was carried out by GSDS software. The blue boxes indicate ORFs, the green boxes indicate upstreams or downstreams, and the black lines indicate introns. The information of GPX members were listed in Table S2 functions of this family in plants had differentiated before the divergence of dicot and monocot.
To further confirm the evolutionary relationships among the GPXs, MEME server was used to conduct a conserved motif analysis. As shown in Fig. 3b , ten conserved motifs were identified. All of the GPX proteins from cucumber, Arabidopsis, and rice contained motifs 1-4, which include the GPX signatures. In addition, three GPX proteins (AtGPX1, AtGPX7 and CsGPX2) in group I harbored an additional motif 6, which is located in the N-terminal region (Fig. 3b) . Motif 5 was found in all the OsGPXs, but not in some GPX members in cucumber (CsGPX2 and CsGPX4) and Arabidopsis (AtGPX2, AtGPX3, AtGPX7 and AtGPX8). Motif 7 in the C-terminal region was present in group I and III members but absent in several members in other groups, such as CsGPX1 and AtGPX2 (group II), AtGPX8 (group IV), CsGPX5, OsGPX2, AtGPX4 and AtGPX5 (group V). It is noteworthy that motif 8 was specific to rice, which was present in OsGPX3, OsGPX4 and OsGPX5. Two members in group III (AtGPX6 and OsGPX1) possessed motif 9. Motif 10 was found only in two group II members (AtGPX2 and OsGPX5). In general, the structure of GPX proteins was conserved throughout the GPX gene family in cucumber, Arabidopsis and rice, and some closely related GPX proteins tended to share similar motif compositions.
To further examine the structural diversity of these GPX genes, a comparison of the genomic sequences with the corresponding ORF sequences was carried out by GSDS software. As shown in Fig. 3c , all of these genes had five introns with the exception of OsGPX1, which harbored four introns. Some GPX genes clustered in the same group had similar gene structures. For example, nearly all GPX genes in group I, II, IV and V had similar lengths of ORFs, although they had variable upstream or downstream lengths. Similar results were also observed in some GPX genes from other plant species, such as Lotus japonicus (Ramos et al. 2009 ), Triticum aestivum (Zhai et al. 2013) , Thellungiella salsuginea (Gao et al. 2014) , and Gossypium hirsutum . These results indicated a high degree of conservation in the exon-intron organization of GPX gene family among plant species.
Bioinformatics analysis of putative CsGPX promoters
To understand the transcriptional regulation of CsGPX genes, 1.0-kb regions upstream of CsGPX genes were extracted and analyzed using the PlantCARE database. A number of cis-acting regulatory elements were found in the promoter regions of CsGPX genes, and these cis-elements could be classified mainly into three groups, including hormone-responsive-, stress-responsive-and development-responsive cis-elements (Table S3; Table 2 ). Among them, ten types of hormone-responsive cis-elements were identified, and each CsGPX gene harbored at least one type of these cis-elements, implying that CsGPXs are related to the response to hormones (Table 2 ). In addition, six types of stress-responsive cis-elements, such as heat stressresponsive element (HSE), drought-responsive element (MBS), defense and stress-responsive element (TC-rich repeats), anaerobic induction element (ARE), and elicitorresponsive elements (ELI-box3 and Box-W1), were found to be the major regulatory elements in the promoters of CsGPX genes (Table 2) . Moreover, some developmentresponsive cis-elements, which are involved in circadian control (circadian), endosperm expression (GCN4_motif), zein metabolism regulation (O2-site), endosperm-specific expression (Skn-1 motif), meristem-specific activation (CCG TCC -box), root-specific expression (motif I), and shoot-specific expression (as-2-box), were present in a series of CsGPXs promoters ( Table 2 ). The presence of these cis-elements implied that CsGPX genes might have potential functions in hormone signaling, responses to various stresses, and different developmental processes.
Table 2 Kinds and numbers of known cis-elements in the promoter regions of CsGPX genes
The numbers in parentheses indicate the number of the cis-elements in the promoter of CsGPX genes
Hormone-responsive cis-elements
Stress-responsive cis-elements Development-responsive cis-elements CsGPX1 ABRE (1), CGTCA-motif (2), GARE-motif (1), TATC-box(1), TCA-element (4) MBS (2), TC-rich repeats (1), ARE (2) circadian (1), GCN4_motif (1), Skn-1_motif (1) CsGPX2 ABRE (1) HSE (1), ARE (2), Box-W1 (1) circadian (1), O2-site (1), Skn-1_motif (4) CsGPX3 ERE (2), TCA-element (1), TGA-element (1) HSE (2), ARE (1), Box-W1 (1) circadian (2), GCN4_motif (1), O2-site (1), Skn-1_motif (6) CsGPX4 CE3 (1), ABRE (6), P-box (1), TCA-element (1), AuxRR-core (1) HSE (2), TC-rich repeats (1), ARE (1), ELI-box3 (1) circadian (3), motif I (1), as-2-box (1)
CsGPX5 TCA-element (2), AuxRR-core (1), TGAelement (1) HSE (1), TC-rich repeats (2), ARE (1) circadian (2), Skn-1_motif (1), CCG TCC -box (1) CsGPX6 ERE (1) HSE (1), ARE (2) circadian (1), Skn-1_motif (2) Tissue-specific expression of CsGPX genes in cucumber
To better understand the functions of CsGPX genes in the growth and development of cucumber, their expression profiles in different tissues were analyzed with publicly available transcriptome data. According to the transcriptomic dataset, all the 6 CsGPX genes were expressed in most tissues at different levels (Fig. 4) . CsGPX1, CsGPX3, CsGPX5 and CsGPX6 were highly expressed in the tendril and/or tendril base, suggesting that they may play specific roles in tendril development. On the contrary, the expression of CsGPX1 was not detected in male flowers and unfertilized ovaries, and that of CsGPX3 was not detected in roots and ovaries, while CsGPX6 had no expression in stems and ovaries. CsGPX2 and CsGPX4 showed the highest transcription level in male flowers, and relatively higher expression in female flowers, implying their specific roles in flower development. The expression level of CsGPX4 was high in roots and relatively low in tendrils, and was even undetectable in leaves, stems and ovaries. In roots, both CsGPX2 and CsGPX5 had no expression, while CsGPX6 showed moderate transcription levels. The spatial variations in the expression of CsGPX genes in different tissues revealed that they may participate in different growth and development processes in cucumber.
Response of CsGPX gene expression to various abiotic stresses and ABA treatment
To examine the effects of environmental stresses on CsGPX genes, their expression was analyzed under different conditions (cold, NaCl, PEG, and ABA) by qRT-PCR (Fig. 5) . The expression of most CsGPX genes was altered under cold treatment except for CsGPX1. CsGPX2, CsGPX3 and CsGPX6 were significantly induced by cold treatment, while that of CsGPX4 and CsGPX5 was significantly decreased at 3 h after cold treatment, and finally increased at 12 h (Fig. 5a ). Under NaCl treatment, nearly all CsGPX genes were downregulated at certain time points except for CsGPX2, whose expression gradually declined at 3 and 6 h, followed by a sharp increase at 12 h (1.76-fold) (Fig. 5b) . Similar patterns were also observed under PEG treatment (Fig. 5c ). Since ABA plays important roles in the adaptation to environmental stimuli, we checked whether these CsGPX genes are regulated by ABA. As shown in Fig. 5d , most CsGPX genes were downregulated under ABA treatment, except for CsGPX5, which was obviously upregulated at 3 h (654.9-fold), but was downregulated at 6 and 12 h.
Discussion
In previous studies, genome-wide identification and characterization of GPX gene family have been performed in various plant species, such as Arabidopsis thaliana (8 members) (Rodriguez Milla et al. 2003) , Lotus japonicus (6 members) (Ramos et al. 2009 ), Thellungiella salsuginea (8 members) (Gao et al. 2014) , Oryza sativa (5 members) (Islam et al. 2015; Passaia et al. 2013) , and Gossypium hirsutum (13 members) . In this study, a total of 6 GPX family members were identified in cucumber (Table 1) , and the number of family members is not correlated with the increase in genome size, which may be due to gene-and whole-genome duplications (WGD) including tandem and segmental duplications at different points of evolution (Cao et al. 2016; Flagel and Wendel 2009; Zhou et al. 2017b ). For example, one and two segmental duplication events were observed in rice (OsGPX1 and OsGPX3) and Arabidopsis (AtGPX1 and AtGPX7, AtGPX4 and AtGPX5), respectively (Ozyigit et al. 2016) . In the present study, one segmental duplication event (CsGPX5 and CsGPX6) was also identified. In addition, chromosome 5 possesses one tandem duplication event (CsGPX3 and CsGPX4), which has not been observed in other plant species so far. Therefore, these tandem and segmental duplications may play an important role in the expansion of CsGPX gene family. The six CsGPX proteins possess three highly conserved motifs including two GPX signatures (Fig. 2) , which are also present in other plant species Gao et al. 2014; Ramos et al. 2009; Zhai et al. 2013) as well as in mammalian GPX members (Toppo et al. 2008) . Furthermore, other evolutionarily conserved sequences and residues were also identified in GPX proteins (Fig. 2) . To further understand the conserved protein motifs in individual GPX proteins, the GPX proteins were analyzed using MEME server. As a result, the evolutionarily conserved motifs were also identified in all the GPX proteins. Notably, some conserved motifs were restricted to specific groups of GPX proteins, or particular species (Fig. 3b) , implying that these motifs may contribute to particular functions of GPX proteins. The phylogenetic analysis showed that GPX proteins can be divided into five major groups, and CsGPXs and AtGPXs were present in every group, while group IV contained no OsGPXs (Fig. 3a) . Each CsGPX protein has a homologue in Arabidopsis, suggesting that the GPX genes in cucumber and Arabidopsis are more closely related to each other than to those in rice (Fig. 3a) . The exon-intron organization of genes plays an important role in the evolution of multi-gene families (Cao et al. 2016) . Gene structure analysis revealed that almost all GPX genes in cucumber, Arabidopsis and rice have five introns, and some closely related GPX genes have similar lengths of ORFs (Fig. 3c) , suggesting that these genes are highly conserved during evolution and may have similar functions.
As an efficient ROS scavenger, GPX is a type of stressresponsive protein in response to various abiotic stresses. Previous studies have shown that plant GPXs play important regulatory roles in the responses to various abiotic stresses, including salinity, drought, and cold (Fu 2014; Islam et al. 2015; Passaia et al. 2013; Rodriguez Milla et al. 2003; Zhai et al. 2013) . However, the members of GPX gene family may display differential expression patterns in response to various abiotic stresses. For example, in Thellungiella salsuginea, different GPX members were coordinately regulated under various abiotic stress conditions (Gao et al. 2014) . In rice, both OsGPX2 and OsGPX4 were upregulated in response to drought and oxidative stress, while were downregulated in response to salinity, heat and cold (Islam et al. 2015) . In the present study, each of the six CsGPX genes possesses at least two types of stress-responsive cis-elements (HSE, MBS, TCrich repeats, ARE, ELI-box3, and Box-W1) in their promoter regions, implying their potential roles in stress response. We then investigated the responses of these GPX genes to different stresses including cold, salt, and drought. Three genes were upregulated by cold treatment, including CsGPX2, CsGPX3, and CsGPX6 (Fig. 5a ), suggesting their possible roles in the response to cold stress. For other two treatments (NaCl and PEG), most CsGPX genes showed a decrease in expression levels, indicating their possibly negative regulatory roles. Similarly, the transcript levels of GhGPX1, − 3, − 5, − 8, and − 13 decreased in leaves after treatment with 400 mM of NaCl for 3 h . Some members of TsGPX family genes were also repressed by salt stress at least at one time point during salt treatment (Gao et al. 2014) .
ABA is a key phytohormone that plays important roles in plant growth and development as well as in response to various stresses (Kayum et al. 2017; Li et al. 2017; Vishwakarma et al. 2017) . Previous studies have shown that some members of GPX gene family can be regulated by an ABAdependent signaling pathway (Miao et al. 2006; Rodriguez Milla et al. 2003; Zhai et al. 2013) . In this study, almost all the six CsGPX genes were differentially downregulated by ABA except for CsGPX5, which was markedly upregulated at 3 h after ABA treatment (Fig. 5d) . Besides, almost all CsGPX genes were responsive to one or more abiotic stresses including cold, salinity and drought (Fig. 5a-c) , suggesting that these genes may play regulatory roles in stress responses by modulating ABA signaling. In fact, AtGPX3 acts as a scavenger of H 2 O 2 and specifically relays the H 2 O 2 signaling as an oxidative signal transducer in ABA and drought stress signaling (Miao et al. 2006) . Two GPX genes in wheat (W69 and W106) also play important roles in salt and ABA signaling to regulate abiotic stress responses (Zhai et al. 2013 ).
Conclusions
In this study, a total of six CsGPX genes were identified in C. sativus through genome-wide analysis. Their genome distributions, promoter sequences, and expression profiles in different tissues and in response to various abiotic stresses were analyzed. A comparison of phylogenetic relationships, protein motifs, and gene structures between cucumber, Arabidopsis and rice GPX genes was also carried out. The expression profiling of CsGPX genes under different abiotic stresses and ABA treatments indicated that one or more CsGPX genes might be involved in ABA signaling pathway and stress responses. Our results provide a preliminary exploration of CsGPX genes, and facilitate future investigation of the biological functions of GPX proteins in cucumber.
